Active Dendrites Suppression by Ferroelectric Membrane
Separators in Rechargeable Batteries

Yutao Dong, Wenjian Liu, Corey Carlos, Ziyi Zhang, Jun Li, Fengdan Pan, Jiajie Sui, Xudong
Wang"

Department of Materials Science and Engineering, University of Wisconsin-Madison, Madison,
WI, 53706, USA

*Corresponding author: xudong.wang@wisc.edu

Abstract

Anodic dendrite formation is a critical issue in rechargeable batteries, which often leads to poor
cycling stability and quick capacity loss. Prevailing strategies for dendrites suppression aim at
slowing down the growth rate kinetically, but still leaving possibilities for dendrites evolution over
time. Herein, we report a complete dendrite elimination strategy by using a mesoporous
ferroelectric polymer membrane as the battery separator. The dendrite suppression is realized by
spontaneously reversing the surface energetics for metal ion reduction at the protrusion front,
where a positive piezoelectric polarization is generated and superimposed as the protrusion
compresses the separator. This effect is demonstrated first in a Zn electroplating process, and
further in Zn-Zn symmetric cells and Zn-NaV30g+1.5H>O full cells, where the dendritic Zn anode
surfaces are completely turned into featureless flat surfaces. Consequently, a substantially longer
charging/discharging cycle is achieved. This study provides a promising pathway toward high-

performance dendrite-free rechargeable batteries.
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Rechargeable batteries are a critical component in renewable and sustainable energy
ecosystems. Driven by the tremendous global energy and environmental demands, battery
technology is currently experiencing rapid developments toward the goal of high capacity, high
cycling life, fast charging rate, and low cost. Among many emerging technologies, using metal
anodes in rechargeable battery systems brings an intriguing advantage as they offer very high
specific energy. A critical challenge for this type of rechargeable battery is the metal dendrites
formation during the charging process, which results in poor cycling stability and quick capacity
loss'**. The dendrites formation is an energetically favorable and self-aggravating process, and can
be generally found in all electrochemical metal ion deposition processes. Briefly, when a small
surface protrusion is developed, it concentrates electrical field around the tip, forming an
energetically favorable site for incoming ions to deposit and thus accelerating the tip growth into

dentrites!°.

Guided by this mechanism, numerous endeavors have been made to suppress dendrites
formation in rechargeable batteries. Typical strategies include anode engineering %1, electrolyte
modification, and separator development. For example, a protective coating can homogenize
anode surface electric field and unify metal ions diffusion flux'!"!7. Designing three-dimensional
(3D)-scaffold anodes can achieve a high specific surface area to eliminate current density
inhomogeneity!®2°. Alloying anode can improve charge transfer and modulate plating process with
alloying reactions®!*. Electrolyte modifications typically utilize high-concentration electrolytes
and electrolyte additives to tune the metal ions coordination environment and improve ions
migration®>2%, Modified polymer separators can facilitate favorable metal ion diffusion and retard
dendrites growth®-3, These strategies, in general, can slow down the dendrite growth rate to a

certain level. However, since dendritic growth is still a thermodynamic favorable process, they



cannot be eliminated completely. Besides, these strategies are rather specific to different anode

materials, structure, and electrolyte systems, limiting their impacts broadly.

It has been shown that ferroelectricity can tune the surface energetics, and may reverse the
electrochemical deposition selectivity.* Inspired by this coupling effect, this work reports a
mesoporous ferroelectric (FE) membrane as the battery separator that can completely remove
dendrites from the metal anodes. Using the aqueous zinc ions battery as an example, a favorably
polarized FE Al,O3/P(VDF-TrFE) separator eliminated the formation of Zn dendrites in a Zn
electrochemical deposition process. This phenomenon was further demonstrated in Zn-Zn
symmetric cells and Zn-NaV30g*1.5H>0 full cells, where no dendrites were formed during the
charging processes. Therefore, substantially elongated cycling lifetime were achieved, showing a

potential universal solution to eliminating dendrites formation in rechargeable batteries.

The mechanism of using a FE separator to actively suppress dendrite formation is
schematically shown in (Figure la) using a typical Zn ion battery as an example. During the
charging process (essentially a metal electroplating process), any non-homogeneity can induce
surface topographic fluctuations, which evolve into extrusions over a longer time or more cycles.
As the protrusion extends, it compresses the separator membrane that is sandwiched in between
the metal anode and cathode materials. The FE property of the membrane thus introduces an
internal piezoelectric field (Epz) at the compressed region. The FE field applied by the separator
was distributed in the electrolyte, which modulates the energetics of electrolyte near the electrode
surface, but does not influence the electric potential of the electrode, and thereby would not enable
additional electrochemical reactions, such as hydrogen evolution reaction. When the positive
polarization (Prpz) side is facing the metal surface, the local electric potential near the protrusion

tip in the electrolyte is elevated due to the presence of piezoelectric potential (Vpz) (Figure 1b).



This piezoelectric potential repels the positively charged Zn** ions in the electrolyte from moving
toward the extrusion surface. These effects only actively apply to the protruded region and leave
the flat regions intact. Meanwhile, both anode and cathode have a fixed potential as defined by the
external power source, so that the Zn>" ions are still continuously driven to the anode but
redistributed to the flatter areas. Therefore, the protrusion tips will exhibit a reduced growth rate
compared to flatter regions, and thus flattens the metal electrode surface as the charging cycle

progresses.

The FE battery separator was developed using mesoporous P(VDF-TrFE) membranes.
Microscopic pores were created throughout the membrane using the ZnO nanoparticle (NP)-based
hard-template method followed by HCI etching®®. The as-received membrane had a uniform
thickness of ~20 um and over inches in size (Figure 1¢), same as the dimension of commercial
separators. 20 um was chosen as the thickness of separators used in this work. This thickness is at
the thinner end of those of commercial separators (20 pm to 100 pm *°), in order to ensure a high
ionic transport property. The tensile strength of the separator is about 101.6 MPa (Figure S13).
This performance has exceeded most of the separators reported in aqueous Zn-ion batteries, which
indicates that our separator can remain stable during the long-term cycling tests. At an optimized
ZnO NPs weight ratio of 83.3 wt.%, the P(VDF-TrFE) membrane achieved a 3D porous network
with submicron-sized pores evenly distributed and interconnected throughout the entire thickness,
suggesting a good possibility for electrolyte transport (Figure 1d). BET (Brunauer—Emmett—Teller)
test revealed that porosity of the separator was ~63% and the average size was ~830nm, consistent
with SEM observation. The porosity and pore dimensions are comparable to those of commercial
separators (Table S1). To achieve the desired hydrophilicity for aqueous battery systems, the

pristine P(VDF-TrFE) film was coated with a conformal thin film of AlbO3; by atomic layer



deposition (ALD). After 70 nm ALD AlOs coating at 100 °C, the Al,O3/P(VDF-TrFE) film
preserved the original high porosity without any apparent morphological change (Figure le and
Figure S2). The Al,Os coating largely improved the film’s hydrophilicity as evidenced by a

substantial reduction of the water contact angle from 106° to 50° (Figure 1f).

X-ray photoelectron spectroscopy (XPS) was performed for elemental analysis before and
after ALD ALOs; coating. The XPS survey spectrum of pristine P(VDF-TrFE) membrane (upper
curve in Figure 1g) clearly showed F /s (688.8 eV) and C Is (291.08 eV) peaks without any Zn
peaks, confirming the complete removal of ZnO NPs by HCI etching. After A>O3 coating, the XPS
survey (lower curve in Figure 1g) showed strong Al 2s (119.08 eV) and 2p (74.08 eV) peaks and
the F s (688.08 eV) peak intensity was largely reduced. Energy-dispersive X-ray Spectroscopy
(EDS) mappings of the Al,O3/P(VDF-TrFE) membrane from the cross-sectional view (Figure 1h)
revealed a complete overlap of the Al and O signal distributions with that of F, evidencing a
uniform coating of Al,O3 throughout the entire membrane thickness. To confirm the ferroelectricity,
the phase of the ALO3/P(VDF-TrFE) membrane was characterized by X-Ray diffraction (XRD).
The strong diffraction peak at 18.9° in both pristine and Al,Os-coated P(VDF-TrFE) membranes
confirmed their FE 3 phase (Figure 11). The increased diffraction intensity after ALD coating may
be attributed to the further improved crystallinity after high-temperature treatment during the ALD
process. Both membranes showed an apparent residual polarization in their polarization vs electric
field (P-E) measurements (Figure S3), where the Al2Os-coated membrane exhibited a substantially
stronger hysteresis, consistent with its higher B phase crystallinity. Directed by the hysteresis
measurement, the ALO3/P(VDF-TrFE) membranes were poled at ~1.5 MV/cm to align their
dipoles. After 2 hours of poling, the piezoelectric coefficient (d33) of the poled AlO3/P(VDF-TrFE)

film was measured to be ~2.8 pC/N (Figure S4), validating the effective dipole alignment and



appreciable polarization generated from film displacement. The piezoelectricity of the separator
could remain stable during prolonged battery cycling process (Fig. S14). This is primarily because
the operational voltage is much lower than the coercive field of the ferroelectric membrane (Fig.

S3).

The active dendrite suppression mechanism suggests that the FE direction is critical, and
the dendrites can only be eliminated when the FE membrane has its positive polarization facing
the metal surface. This configuration is defined as P+ (Figure 2a). If the FE membrane has its
negative polarization facing the electrode surface (defined as P-), protrusions may make the
surface become more energy favorable for metal ion reduction, and thus accelerated dendrite
growth. The protrusion-induced surface polarization change was first evidenced by electrostatic
force microscopy (EFM) on the top surface of the FE membrane that tightly covered protruded
areas (Figure 2b). Around the protrusion tip where the membrane subjected the largest compressive
force, the P+ membrane showed a depletion of positive surface charge on its back side, as
represented by the negative amplitudes, indicating the other side facing the metal surface was
positively charged. On the contrary, the P- membrane showed an accumulation of positive charges
at the protrusion area. The opposite charge accumulation in response to protrusion-induced
compressive force confirmed that the metal-facing surface of P+ and P- membranes were charged

positively and negatively, respectively.

The active dendrites suppression effect was then verified using Zn foils paired with four
different membranes [P+, P- and unpoled (UP) P(VDF-TrFE) and commercial glass fiber (GF)]
for Zn electroplating in a 2 M ZnSO4 aqueous solution at | mA/cm?. After 10 h of electrodeposition,
the zinc foil with P+ membrane exhibited a distinct surface morphology compared to the others.

As shown in Figure 2c¢ (i), the zinc foil surface was homogenous and almost featureless. The large-



area 3D surface profile image revealed an excellent surface flatness, with a mean height (Sa.) of
only ~0.40 um (Figure 2c (ii)). The P- membrane yielded a complete opposite result, where large
and irregular Zn flakes and whiskers were dominating the Zn foil surfaces (Figure 2d (i)) giving a
dramatic surface roughness with a S, of ~2.21 um (Figure 2d (ii)). This deposition result was
similar to those obtained from the commercial GF membranes (Figure 2¢ (1)), which had a very
close S; of ~2.23 um (Figure 2e (i1)). For the case of UP membrane, the Zn foil surface was also
completely covered by micron-sized flakes but with a more regular distribution (Figure 2f (1)).
Thus, the surface roughness of zinc foil was in between those obtained from P+ and P- membranes
with a S, of ~1.23 um (Figure 2f (i1)). This result is consistent with hypothesized mechanism that
opposite FE polarizations at the zinc surface can impose opposite influences on the protrusion

growth rates.

Such drastic differences in the electrodeposition behavior appeared as soon as the surface
protrusions became prominent at the early stage (e.g., 1 hour, Figure S5). This mechanism thus
can be considered as a self-healing effect for dendrites annihilation. As a demonstration, the very
rough Zn foil after 10 h electrodeposition using a GF membrane (Figure 2f) was used with a P+
membrane for another 10 h electrodeposition. Notably, the dendritic surface was substantially
flattened (Figure 2g) and the Sa of Zn foil decreased from 2.42 to 0.45 um accordingly. This result
provides a strong support to the proposed active dendrites suppression mechanism, i.e., the self-
regulated surface electric field distribution can recalibrate the metal ion deposition rates and

actively flatten the electrode surface.

The active dendrite suppression effect was then investigated using symmetric Zn-Zn cells,
assembled with those four different membranes as the separator for galvanostatic cycling

measurements. The cycling plating/stripping process of Zn-Zn symmetric cells could reveal the



polarization and the overpotential contributions in correlation to the separators. As displayed in
Figure 3a, the Zn-Zn symmetric cells were discharged/charged at ImA/cm? with a specific capacity
of ImAh/cm?. The cell with P+ separator exhibited a stable cycling lifetime of ~980 h. Without
any further optimization, this lifetime already reached the best-reported lifetime of Zn-Zn cells
using ZnSO4 aqueous electrolyte (Table S2). All the other three separators gave substantially
shorter lifetimes. Specifically, the Zn-Zn cell with a GF separator showed a lifetime of ~100 hours,

comparable to the reported results®” 38, It

should be noted that although P- FE membrane may
induce the fastest dendrite growth, it did not necessarily yield the shortest lifetime. As the electrode
surface became rough, many other factors could contribute to the battery failure. The voltage
profiles at different cycling time points were enlarged to compare the Zn plating/stripping
dynamics (Figure 3b). The voltage hysteresis of the P+ separator was much lower than those of
GF, UP, and P- separators, implying the P+ separator enabled a much better reversibility of the Zn
plating/stripping process (Figure 3b (i)). After ~75 h cycling, irregular drops of the voltage started
to appear in the curves of GF, UP, and P- separators, indicating the occurrence of localized short-
circuit in symmetric cells (Figure 3b (i1)). In contrast, the cell with P+ separator maintained a stable
voltage hysteresis throughout the entire ~980 h cycling process (Figure 3b (iii)). SEM at different
cycling numbers revealed that the zinc anode with P+ separator remained a consistently flat surface
without any dendrite-like or vertical structures (Figure S6 and Figure 3c). Accordingly, the Zn
anode exhibited a superior surface smoothness with a Sa of only 0.61 um after 980 h cycling
(Figure S7a). In contrast, the zinc anodes with GF (Figure 3d), UP (Figure 3e), and P- (Figure 3f)
separators were all covered by sharp and vertical plates, which gave large surface roughness at the

level of 2-5 um (Figure S7(b)-(d)). This rapid dendritic growth on the Zn anode surface could be

responsible for the poor reversibility and quick failure of cell cycling.



Even under a high current density of 5 mA/cm? with a high specific capacity of 5 mAh/cm?,
the P+ separator still enabled the Zn-Zn cell lifetime of more than 150 h with stable voltage
hysteresis (Figure 3g). As expected, the P- separator induced a rapid cell failure only after 25 h,
attributed to the exacerbation of dendrite growth under an unfavorable internal electric field
Similar to cycling at 1 mA/cm?, the Zn anode with GF, UP, and P- separators showed apparent
sharp zinc dendrites and large surface roughness after cycling (Figure S8 and S9). Only the P+
separator yielded a consistently flat surface after cycling (Figure S8), although the large-area
surface roughness was increased to 2.28 um due to the fast deposition rate (Figure S9a). These
electrochemical measurements and morphological observations confirmed that the FE
ADLO3/P(VDF-TrFE) membrane with its positive side facing the metal surface could effectively

turn the dendritic growth into a planar growth during the charging process.

Eventually, the advantageous P+ FE Al,O3/P(VDF-TrFE) membrane was used in Zn-ion
aqueous batteries and compared to commercial GF separators to validate the active dendrite
suppression effect. NaV30g*1.5H,O (NVO) nanowires, a commonly used cathode materials for
Zn-ion batteries, were used and coupled with a Zn foil anode to assemble the full cells. The
monoclinic NVO nanowires were synthesized in house, and appeared in bundles with a typical
size of ~200 nm in thickness and ~5 um long (Figure S10) >’ As a control, the same Zn-ion
batteries were made using GF separators. Figure 4a gives the CV curves of the Zn-NVO cell with
P+ and GF separators, respectively. There were two pairs of redox peaks attributed to vanadium
valence change from V°>* to V4 and V*' to V" during the Zn?" intercalation/deintercalation. The
Zn-NVO cells with GF separator have redox peaks at 0.55/0.79, and 0.83/1.09 V, matching well
with the reported results*'. For the cells with a P+ separator, the redox peaks were located at

0.55/0.76, and 0.82/1.04 V. The slightly negative shift of the oxidation peaks may be attributed to



different electrolyte absorption capability of these two separators** 42, Electrochemical impedance
spectroscopy (EIS) showed a reduced charge transfer resistance of the P+ separator compared to
the GF separator (Figure 4b), implying a favorable Zn?>* ions flux attributed to the mesoporous
structure of the FE membrane. Especially, the internal pores were created by removing ZnO
nanoparticle template using acidic solution, and thereby all the pores in the separator were solution
accessible with minimal dead ends. The rate capability of Zn-NVO cells with P+ membrane and
GF separators are shown in Figure 4c and Figure S11. At a discharging current of 0.2 A/g, both
separators achieved a similar discharging capacity of ~298 mAh/g. As the discharging current
increased, the P+ separator preserved a higher capacity compared to the GF separator,
demonstrating an enhanced discharging performance. The enhancement of the rate capability
accounts for two main reasons. On the one hand, the large porosity of the P+ FE membrane
provides an improved ionic conductivity, which enables the quick charge and discharge in the
battery. This rapid diffusion is crucial for the high-rate capability. On the other hand, as the curves
shown in Figure. 4(b), the resistance of the P+ FE membrane is much lower than that of the glass
fiber. The lower resistance of the membrane contributes to an overall reduction in the internal
resistance of the whole battery. Batteries with lower internal resistance can handle higher discharge
rates more effectively by minimizing the voltage drop and heat generation during high current

flows.

The long-term cycling stability of Zn-NVO cells was evaluated as the most important
figure-of-merit for cell performance comparison. After 4000 cycles of discharging/charging under
a current of 2 A/g, the Zn-NVO cell with a P+ separator exhibited a specific capacity of ~88 mAh/g
with a retention rate of 71%, while the GF separator only had a retention rate of 48% through the

same number of cycles (Figure 4d). The higher capacity retention can be largely attributed to the
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dendrite suppression. Dendrites can penetrate separators and cause short circuits, leading to rapid
capacity degradation. By preventing dendrite growth, the separator maintains the integrity of the
battery, thus enhancing capacity retention. Besides, the enhanced wettability of our separator
enhances ion transport, contributing to better capacity retention **°. Both cells kept a nearly 100%
Coulombic efficiency, suggesting both separators allowed a highly reversible Zn
insertion/extraction process. The improvement from the P+ separator was more prominent at a
high current density of 5 A/g. As shown in Figure 4e, the full cell with the GF separator had a
retention rate of only 19 % after 6000 discharging/charging cycles, similar to reported results®* 4.
At such a high current density, the cells with GF separators exhibited a large fluctuation in its
Coulombic efficiency, indicating instability during discharging/charging processes (Figure S12).
In contrast, the P+ separator allowed a specific capacity of ~54 mAh/g with a retention rate of 64 %
after 6000 cycles, still with a stable Coulombic efficiency at ~100%. The difference of the initial
capacity between these two types of batteries at higher charge/discharge rate (5 A/g) are mostly
due to the separators’ different ion transport performance as indicated in Figure 4b.*”** Because
the ion transport became less significant at lower charge/discharge rate as compared to other
kinetic factors, the difference of initial capacity was minimized when measured at 1 A/g (Figure
4d). SEM images of Zn anode after cycling were collected to justify the suppression effect of Zn
dendrites growth. Unlike the aggregated dendritic growth observed from the cells with GF
separators under both current densities of 2 A/g and 5 A/g (Figure 4f and h), the P+ separator
effectively suppressed dendrites formation and achieved a fairly flat surface (Figure 4g and 1).
These results confirmed that the FE P+ separator can effectively suppress the dendrite growth
during the charging process in a full cell setup, and thus enables remarkable performance

improvements of Zn-ion aqueous batteries.
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In summary, we developed a mesoporous FE AlLO3/P(VDF-TrFE) membrane that can
actively suppress anode dendrites formation when used as a separator in rechargeable aqueous Zn-
ion batteries. When the positive polarization side faces the metal anode during charging, the FE
separator can reverse the local energetics for Zn*>* reduction at the protrusion area and deplete
incoming Zn*" ions to the flat region. As a result, the symmetric Zn-Zn cell with this P+ separator
achieved a substantially higher cycling stability compared to commercial GF separators and the
same FE membranes with an opposite poling direction. A striking flat and featureless metal anode
surface was obtained from the P+ separator after cycling, confirming the complete switch from
dendritic growth to layered growth. Similar dendrite suppression effect was also demonstrated in
Zn-NVO full cells, where the P+ separator enabled remarkable long-term stability compared to
GF separators. These superior electrochemical performances confirmed the effectiveness of active
dendrite suppression using FE polymer separators with a favorable polarization. This work
provided a promising strategy to enable dendrite-free metal anodes, which can be applicable to

other metal anodes in a wide range of rechargeable batteries, such as Li-metal anodes.
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Figure 1. Porous FE Al,03/P(VDF-TrFE) membrane separator for dendrites suppression. (a) Schematic
I1mechanism of active dendrite suppression by the FE separator in a rechargeable Zn-ion battery
setup. The FE membrane is compressed at the protrusion region and generates a localized
piezoelectric field (Epz) that largely reduces the protrusion growth rate (v-) but the growth rate at
flat region (vo) is unaffected. (b) Schematics of the electric potential in electrolyte (VEL),
piezoelectric potential (Vpz), piezoelectric polarization (P,,) and Zn?* concentration (Czn2+)
distributions at the protrusion area during the charging process, where the anode and cathode are
at fixed potential of V- and V', respectively. (c) Cross-sectional SEM image of a porous P(VDF-
TrFE) membrane. Inset: a digital photo of a P(VDF-TrFE) membrane with a diameter of 16 mm
for battery assembly. (d) and (e) Zoomed-in SEM images of a P(VDF-TrFE) membrane before (d)
and after (e) AbO3; ALD coating. (f) Water contact angle comparison between pristine P(VDF-
TrFE) membrane and A1203/P(VDF-TrFE) membrane. (g) XPS spectra of P(VDF-TrFE) (top) and
AI203/P(VDEF-TrFE) (bottom) membranes. (h) EDS mappings of F, O, and Al elements taken from
the cross-section of a AlO3/P(VDF-TrFE) membrane showing a uniform Al,Os distribution. (i)
XRD spectra of P(VDF-TrFE) membranes before (black) and after (red) AO3 ALD coating.
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Figure 2. Morphological analysis of Zn electrodeposition under FE separators. (a) Schematic setup of
P+ and P- FE membrane separators for Zn electrodeposition on Zn metal surface. (b) EFM
measurements of P+ (top) and P- (bottom) FE membranes fixed on Zn plates at protrusion areas.
Left are topography images and right are EFM amplitude images. (¢)-(f) Surface morphology (top)
and large-area roughness (bottom) of zinc metal sheets after Zn electrodeposition for 10 h under 1
mA/cm? used with separators of P+ FE membrane (c), P- FE membrane (d), GF separator (e), and
UP FE membrane (f). (g, h) Surface morphology (left) and large-area roughness (right) of an
extremely rough zinc surface sheets (g) after additional 10 h Zn electrodeposition using a P+ FE
membrane separator (h) showing a substantial recovery of surface smoothness.
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Figure 3. Cycling plating/stripping process of Zn—Zn symmetric cells with four different separators. (a)
Voltage profiles at a current density of 1 mA/cm? to the specific capacity of 1 mAh/cm?, (b)
Enlarged voltage profiles at different cycling time points. (c)-(f) Top-view SEM images of the Zn
anode surface after cycling used with separators of P+ FE membrane (c), GF separator (d), UP FE
membrane (e), and P- FE membrane (f). (g) Voltage profiles at a current density of 5 mA/cm? to

the specific capacity of 5 mAh/cm?.
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Figure 4. Performance comparison of Zn-NVO full cells using P+ FE membrane and GF
separators. (a) Cyclic voltammetry plot at a scan rate of 0.1 mV/s. (b) Nyquist EIS plots of Zn-
NVO full cells. (c) Rate capabilities of Zn-NVO full cells at various current densities. (d) and (e)
Long-term cycling performance of Zn-NVO full cells at 2 A/g (d) and 5 A/g (e). (f) and (g) Top-
view SEM images of Zn anode after 4000 cycles at 2 A/g with GF separator (f) and P+ FE separator
(g). (h) and (i) Top-view SEM images of Zn anode after 6000 cycles at 5 A/g with GF separator

(h) and P+ FE separator (i).
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